Compaction of blocks contributes significantly to the strength properties of compressed earth blocks. This paper investigates the influence of compacting rates on the properties of compressed earth blocks. Experiments were conducted to determine the density, compressive strength, splitting tensile strength, and erosion properties of compressed earth blocks produced with different rates of compacting speed. The study concludes that although the low rate of compaction achieved slightly better performance characteristics, there is no statistically significant difference between the soil blocks produced with low compacting rate and high compacting rate. The study demonstrates that there is not much influence on the properties of compressed earth blocks produced with low and high compacting rates. It was further found that there are strong linear correlations between the compressive strength test and density, and density and the erosion. However, a weak linear correlation was found between tensile strength and compressive strength, and tensile strength and density.
Introduction
Compacting is the process of mechanically densifying a soil by pressing the soil particles together into a close state of contact so that the entrapped air can be expelled from the soil mass [1] . Compacting of earth blocks is usually referred to as tamping. Traditional tamping used wooden tamper to manually press the earth in a wooden mould to form the blocks. Currently, earth blocks are compacted with compressed earth block machines such as advance earth construction technologies (AECT) compressed earth block machines [2] , CINVA-RAM press [3] , BREPAK block making machine [4] , among others. These presses are not expensive as they do not require high energy to operate and their maintenance is not complex [5] . CINVA-RAM press was the first machine developed to compact soil into a high density block in Colombia during 1952 [6] .
The idea of compacting earth is to improve the quality and performance of moulded earth blocks [7, 8] . Earth blocks are often compacted to improve their engineering characteristics, and this can be done in three ways: (1) dynamic compaction, (2) static compaction, and (3) vibratory compaction for earth blocks improvement [9] . Compressed earth blocks are generally produced by compacting soil in a hydraulic or electrical block making machine, in which static and control pressure is applied. Houben and Guillaud [10] have made a characterisation of moulding pressure for earth/soil blocks: Houben et al. [11] provided an overview of machines and their compaction pressures as shown in Table 1 . Some of the compaction pressure applied in making earth blocks in previous studies are provided in Table 2 .
Since compaction pressure application in producing earth blocks is important to the engineering properties of the blocks, it is also imperative to find out if the rate (speed) of applying the compaction pressure could as well affect the properties of the compressed earth blocks. This study therefore investigates the influence of compacting rate for 2 Advances in Materials Science and Engineering Reference Compaction pressure Burroughs [12] 2.7 MPa Cao et al. [13] 10 MPa Chan [14] 10 MPa Danso et al. [15] 10 MPa Danso et al. [16] 10 MPa Danso et al. [17] 10 MPa Gooding and Thomas [18] 2-10 MPa Millogo et al. [19] 2 MPa Walker and Stace [20] 2 MPa Walker [21] 2-4 MPa Walker [22] 2 MPa Donkor and Obonyo [23] 1.6 MPa producing compressed earth blocks on the properties of the blocks. Furthermore, the study seeks to determine the correlation between the tests carried out.
Experimental Method

Preparation of Specimen.
The main materials used are soil sample and water. Table 3 reports the characteristics of the soil used for the experimental work. The results indicate that the soil is low plasticity clay (CL) soil [24] . The particle size distribution curve of the soil is shown in Figure 1 . Chemical element/composition of the soil was determined through inductively coupled plasma-mass spectrometry (ICP-MS) analysis method in accordance with BS EN ISO 17294-1 [25] and the result is also reported in Table 3 . The pH value of 6.67 indicates that the soil is slightly alkaline. The soil was weighed and spread on platform. Water was added to achieve the optimum moisture content (OMC) of 11.8% as obtained in Table 3 by sprinkling on the soil and repeatedly turned until a uniform mixture was obtained. The mixture was used to fill a steel cylindrical mould with a top 15 mm/min. The specimens were then placed in an oven for drying at 40 ∘ C ( Figure 3 ). After the specimens were dried (when the difference in the successive weights of the cooled sample at interval of 4 hr after 72 hr did not exceed 0.1%), they were set for testing. Three specimens were selected for each test type and each compacting speed for testing.
Testing of Specimen.
Four (4) different tests were conducted to determine the influence of compacting rate on compressed earth blocks. The tests include density, compressive strength, tensile strength, and erosion (drip).
Density.
Density of the specimen was determined in accordance with British Standard Institute BS EN 772:11 [26] . The specimens were dried at constant temperature of approximately 110 ∘ C in an oven for 48 hr until consistent mass was obtained. The dimensions of each specimen were measured and the overall volume computed. The specimens were then weighed and the density was calculated from
where is the density (kg/m 3 ); is the mass (kg); and is the volume (m 3 ).
Compressive Strength.
Compressive strength test was conducted in accordance with British Standard Institute BS EN 772:11 [26] . The test was made with Tinius Olsen H50KS for which three specimens were tested for each rate of pressure application. Each specimen was placed uprightly on the base plate of the testing machine and carefully centred (Figure 4(a) ). The load was applied on the specimen until it failed (Figure 4(b) ). The maximum load at which the specimen failed was recorded and the compressive strength was determined by
where is the compressive strength (MPa), is the applied load at which the block failed (N), and is the surface area of the block where the load was applied (mm 2 ).
Splitting Tensile Strength. Splitting tensile strength test was conducted following the principles of British Standard
Institute BS EN 12390:6 [27] . Each specimen was placed centrally in the test jig ( Figure 5(a) ) of the Tinius Olsen H50KS, for which the load was applied till the specimen failed ( Figure 5(b) ). The maximum load at which the specimen failed was recorded and the tensile strength was determined by
where is the indirect tensile strength (MPa); is the maximum load sustained by the specimen (N) ; is the diameter of the specimen (mm); and is the length of the specimen (mm).
Drip Test (Geelong Method).
Drip test was conducted to determine the erodability (durability) of the specimen. Due to the susceptibility of soil blocks, this test aims at determining the rate at which the soil blocks will erode when exposed to water (rain). The test was conducted in accordance with New Zealand Standard [28] . The equipment was setup with container containing water for which 100 mL mark from the top was noted. Wettex (J-Cloth) 16 mm wide was placed on the container to soak and transmit the water onto the specimen. The specimens were placed at an angle of 27 ∘ at the base and 400 mm vertically away from the J-Cloth, from which water was allowed to drop on the specimen for one hour. Figure 6 shows the depth of the pit created on the specimen. The pit was then measured and the erodability index was determined.
Statistical Analysis.
Correlations were carried out to establish relationships between the tests performed. The mean results were used and ranges were noted. One-Way ANOVA test result at 95% confidence interval with Minitab Version 16 was used to test for significant difference and variation between the test types. Figure 7 show a closely related average density among the different compacting rates, between 1866 kg/m 3 and 1894 kg/m 3 . Similar result was obtained in the study by Chan [14] , where the nonbaked specimens did not undergo obvious density change. This was expected due to the equal mass of the mix used for producing each test specimen. However, there was slight reduction in density within 5-15 mm/min compaction rates. The density is the relationship between the volume and the mass of the blocks and therefore shows how compact the blocks are [29] . The dry density is largely a function of the constituent material characteristics, such as moisture content at pressing and the degree of compaction effort applied [21] . This implies that the compacting rates may have some influence on the density of the blocks.
Results and Discussion
Dry Density. The dry density test results as summarised in
Although there was slight difference in the density among the compacting rates, the result indicates that the lower rates (1 and 5 mm/min) of compaction achieved the highest density. This implies that the slower the application of compacting load the better the arrangement of the material constituents, making the block slightly denser. The percentage variation between the 1 and 15 mm/min compaction rates is <1%. To check if the difference in the test results is significant or not, One-Way ANOVA test was conducted. ANOVA test result at 95% confidence interval indicates that the differences in the values among the different compacting rates are insignificant to exclude the possibility that the difference is due to random sampling variability. There is therefore not a statistically significant difference ( = 0.799; = 0.340) in dry density among the compacting rates of the compressed earth blocks. Figure 8 presents the summary of the compressive strength test result. The result indicates that the average compressive strength decreased with increase in compacting rates, implying that the higher the compacting rate the lower the compressive strength of the blocks. The reduction could be attributed to the reduced density of the blocks as the compacting rate increases. There was about 19% increase in the average compressive strength of the lower (1 mm/min) compacting rate over the higher (15 mm/min) compacting rate.
Compressive Strength.
ANOVA test result indicates that the differences in the values among the different compacting rates are insignificant to exclude the possibility that the difference is due to random sampling variability. There is therefore not a statistically significant difference ( = 0.410; = 1.010) in compressive strength among the compacting rates of the soil blocks.
The correlation between the compressive strength and the density of the compressed earth blocks is summarised in Figure 9 . The result indicates a strong linear correlation between the compressive strength and the density with coefficient of determinant ( 2 ) of 0.867, though these are based on the means of scattered data. This aligns with Gooding and Thomas [18] and Walker [21] observation that a given increase in density will result in a greater increase in strength.
Splitting Tensile
Strength. The summary of the splitting tensile strength test result is presented in Figure 10 . The result is similar to the compressive strength; however, the 10 mm/min speed recorded an increase in tensile strength compared to both 5 and 15 mm/min compacting rates. The lower compacting rate recorded the highest strength while the highest compaction recorded the lowest as in the case of compressive strength. This suggests that the lower compacting rate application makes the soil particles arrange to eliminate bigger pores in the soil matrix, which contributes to the increased resistance of the material against splitting failure.
There was about 20% average tensile strength increase of the lower compacting rate over the higher compacting rate, which was similar to the compressive strength result. The ANOVA test result indicates that there is not a statistical significant difference ( = 0.596; = 0.670) between the compacting rates of the soil blocks. The correlation between tensile strength and compressive strength, and tensile strength and density of the soil blocks can be found in Figures 11 and 12 , respectively. The results indicate a weak linear correlation between tensile strength and compressive strength, and tensile strength and density with coefficient of determinant (
2 ) of 0.346 and 0.070, respectively, though these are based on the means of scattered data.
Erosion Test.
A summary of the drip test result is provided in Table 4 . It can clearly be seen from the result that the depth of pit increased with the increase in compaction rates. This shows some similarities in the result of the density test, where density of the blocks reduced with increased compacting rates. This suggests that densification of the blocks may affect the rate of the erosion of the soil blocks. The low rate of compaction increased slightly the density of the soil blocks and therefore may have reduced the erodability rate. This means that the lower the compacting rate of producing compressed earth blocks, the lower the effect of erosion by rain or water on the blocks.
The result shows that the depth of pit for all the compacting rates was within erodability index of 3, which means they were all erosive [28] . However, the low compacting rate performance was better than the higher rates. The percentage variation between the 1 and 15 mm/min compaction rates is >7%. Conversely, the test of significant difference indicates that there is not a statistically significant difference ( = 0.458; = 1.26) among the compacting rates of the specimens. Figures 13 and 14 show the correlation between erosion and density, and erosion and tensile strength, respectively, of the soil blocks. The results indicate good linear relationship between tensile strength and density, and tensile strength and compressive strength with coefficient of determinant (
2 ) of 0.612 and 0.831, respectively, though these are based on the means of scattered data.
Conclusion
The investigation concludes that although the lower rate of compaction achieved slightly better performance characteristics, there was not a statistically significant difference between the compressed earth blocks produced with low compacting rate and high compacting rate. This means the rate of compacting the compressed earth blocks during the production does not have significant effect on the properties of the blocks. This study has demonstrated that there is not much influence on the properties of compressed earth blocks produced with low and high compacting rates. Furthermore, there were positive linear correlations between the tests carried out. Thus, the compressive strength test result could be associated with the density test result of the blocks. Similarly, there was a common trend in the test results of the density and the erosion. However, there was a weak linear correlation between tensile strength and compressive strength, and tensile strength and density.
